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1.1. Electrical drive
(a) The motor (b) The entire drive
Figure 1.2 – Sonceboz 6466 stepper motor with integrated electronics.
Source: 75 years Sonceboz, MTZ journal, 2011, www.sonceboz.com
1.1.1 Brushless DC motor
During the last decades, the development of the electrical drives in industrial low power
applications, where variable speed and simple torque control is needed, has led to the
substitution of DC motors with brushless DC motors. In order to understand this
transition, it is important to highlight the diﬀerences between these two motors.
In Fig. 1.3a a DC motor is schematically represented and in Fig. 1.3b a typical com-
mercial DC motor is shown. In this kind of electrical motors, coils are on the rotor
and the permanent magnet (PM) is ﬁxed on the stator. For creating a static magnetic
ﬁeld the coils are mechanically switched thanks to the collector. This means that no
electronic switch is needed. For this reason DC motors appeared at the end of XIX
century, much earlier compared to the BLDC motors which advent is quite recent in the
history of electromechanical devices.
Permament magnets (stator)
Collector
Brushes
Coils (rotor)
(a) Structure.
Source: www.wikipedia.com
(b) Open DC motor.
Source: www.clipart.dk.co.uk
Figure 1.3 – DC motor.
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Chapter 1. Introduction
The development of BLDC motor drives started in the sixties with the beginning of
the transistor-based electronics. A classical BLDC motor structure is represented in
Fig. 1.4a. An open commercial BLDC motor is shown in Fig. 1.4b. The mechanical
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(a) Structure (b) Open BLDC motor
Figure 1.4 – BLDC motor.
realization of a BLDC motor is exactly the opposite in respect to the DC motor: the
rotor is composed by the permanent magnet, mounted on an iron support. The non-
moving parts are the iron stator and the phase coils. In addition, on the stator are
placed the Hall sensors or another position encoder. These sensors are normally present
because a particularity of the BLDC motor is that the drive electronics has to know the
rotor position in order to create a rotating magnetic ﬁeld and correctly drive the motor
in closed loop.
Despite the need of more electronics for the realization of the rotating magnetic ﬁeld,
thanks to the absence of the collector, BLDC motors exhibit many advantages compared
to DC motors that justify their development and massive utilisation. They are adapted
for clean and explosive environment because neither dust particles nor sparks are created.
They have less wear and tear, thus longer operation live. Moreover, they are easier to
cool because the coils are ﬁxed to the stator iron, which can be used as a cooler. Finally,
because of their mechanical simplicity, BLDC motors are also easier to produce and their
miniaturisation is simpler.
The emergence of BLDC motors doubtlessly increases the drives quality. The price
to pay for all this advantages is the need of a more sophisticated drive electronics: the
power bridge of a BLDC drive, introduced in Appendix D, needs more transistors and
the command electronics needs to know the rotor position. After the change of motor, in
order to keep on enhancing the drive quality, the need of improving the drive electronics
rapidly appears. One of the most studied topics is the development of a command
electronics that does not need the Hall sensors or other position encoders. This way
to proceed is called sensorless or, if the motor is designed for that purpose, self-sensing
position detection.
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1.2. Sensorless position detection
(a) Coils. (b) Motor and gears.
Figure 1.7 – Microfabricated MEMS motor [3].
Wiring
In addition to the volume occupied by an extra sensor, wiring is a second important
incentive to sensorless position detection. In fact, a BLDC motor drive with Hall sensors
needs ﬁve additional sensor wires (Vcc, Gnd, Hall 1, Hall 2 and Hall 3). If a resolver
or a optical encoder is used, at least four extra wires are needed. As an example, for
the stabilization of the pico-satellite Swisscube (100x100x100 mm, 1 kg), a drive for
an inertia wheel is developed. A picture taken during the ﬂight model assembling is
shown in Fig. 1.8. In this picture, it can be appreciated how, despite a hard work for
the integration optimisation, wires are still very numerous. In such a tiny volume, the
integration constraints are enormous, and the ﬁve wires needed in case of Hall sensors use
are absolutely to be avoided. For this reason, only the three power wires are allowed and
the constraint of a sensorless electronics for the inertia BLDC motor drive is imposed.
Figure 1.8 – Swisscube satellite during integration.
Source: www.swisscube.ch
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Chapter 1. Introduction
Robustness, Reliability
Often neglected, it is not to forget that the sensors for the direct position measurement
increase failure risks. There are more cables that can broke, more electronic or elec-
tromechanical components that may fail. This is especially the case when the motor is
placed in a hostile environment. So, the elimination of the position encoder intrinsically
improves the mechanical reliability of the drive.
Cost
Finally, cost is another incentive to sensorless position detection. Fig. 1.9 shows an open
BLDC motor and its Hall sensor module. All the components of the Hall sensor module
(components from 8 to 13 in Fig. 1.9) add extra cost to the motor. Moreover, the
extra permanent magnet 12 adds an additional constraint to the fabrication process.
In fact, 12 is present for permitting the position detection through the Hall sensors 10 .
Therefore, the magnetisation of 12 has to be perfectly aligned with the one of the main
permanent magnet 4 .
Brushless DC-Servomotor, 
sensorless
1  Cover / Bearing support
2  Ball bearing
3  Shaft
4  Magnet
5  Lead wires
6  Spring washer
7  Stator:
7.1 PCB
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Figure 1.9 – Faulhaber Brushless DC-Servomotors.
Source: Faulhaber catalogue 2012-2013. www.faulhaber.com
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2.2. Iron saturation
3.
5
cm
Figure 2.1 – Small hard disk BLDC motor used for the measurements.
noticed that the current evolution and the maximum reached value of the phase current
is not the same for the two pulses. The current, when the pulse is negative, grows quicker
and reaches a higher value. This happens because when the current grows in the phase,
the created magnetic ﬁeld is added to the PM one, the stator iron saturates and thus
LA decreases. In the second trial, in the middle, the PM pole transition is aligned with
phase A. It can be noticed in the graph shown on the right hand side that this time, for
both pulses, positive and negative, the current evolution is the same. As the iron does
not saturate neither for the negative nor positive pulse, LA remains the same for both
current evolutions. In the last trial, shown at the bottom of Fig. 2.2, the PM south pole
is now aligned with phase A. In opposition to the ﬁrst trial, this time the iron saturates
for the positive pulse. Hence, LA decreases for the positive pulse, leading to a quicker
current growth.
Starting form this example, the injection of a series of pulses in the three motor phases
permits to detect the electrical position of the rotor without ambiguity [2].
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Chapter 2. State of the art
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Figure 2.2 – Absolute value of the positive and negative pulse currents for three
diﬀerent rotor positions.
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2.3. Eddy currents
2.3 Eddy currents
Eddy currents in the BLDC motor are often neglected because of the complexity in their
estimation and calculation. Nevertheless, eddy currents are always present when a high
frequency signal is injected into a motor phase. They inﬂuence both phase resistance
and inductance. Perceived phase resistance is higher compared to the DC value for
compensating the additional eddy currents losses [19]. Eddy currents also generate a
ﬂux opposite to the ﬂux which created them; thus, they indirectly inﬂuence the value of
the phase inductance too, so that it lowers with increasing frequency.
As an example, an aluminium piece is simply machined so that an asymmetry is cre-
ated. Aluminium is chosen as non-magnetic material, but very good electric conductor.
The aluminium piece is inserted and rotated in a three-phase coil plastic support, this
assembly is shown in Fig. 2.3. Reference rotor positions 0◦ and 90◦ are schematically
represented in Fig. 2.4. Measurements at 40 kHz of the phase self inductance LAA and
5cm
Figure 2.3 – Three phase coils on plastic support and the machined aluminium
cylinder.
A
RotorCoil
(a) 0◦
A
(b) 90◦
Figure 2.4 – Eddy currents measurements angular reference.
the resistance RA as functions of the rotor position are shown in Fig. 2.5. As expected,
at 0◦, when the ﬂat zone of the rotor faces the coil A and eddy currents are the highest,
RA is at its maximum value and LAA at its minimum. At 90◦, the situation is opposite.
Eddy currents are at their lowest value and thus LAA is at its maximum and RA at its
minimum. Clearly, as eddy currents are involved, the inductance variation depends on
the excitation frequency. Fig. 2.6 shows the maximum relative induction variation (with
reference to the mean value) in function of the excitation signal frequency. As expected,
the variations in LAA increase with the frequency of the injected signal.
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2.3. Eddy currents
Starting from the basic consideration and measurements introduced above, it is there-
fore possible to voluntary conﬁne eddy currents in a selected region of a rotor and,
thanks to the inductance and resistance variations, ﬁnally detect the rotor position.
Eddy currents are used in [8] and [9] where a thin ﬁlm of electrical conducting non-
magnetic metal is plated on the rotor at a chosen location, Fig. 2.7. Thanks to this
modiﬁcation, the authors are able to correctly estimate the rotor position and drive the
BLDC motor.
Figure 2.7 – Modiﬁed motor for the sensorless position detection through eddy
currents detection [8].
Following the same concept, in [11 – 13] a copper ring is placed on the rotor, around
the permanent magnets. Thanks to this special modiﬁcation shown in Fig. 2.8, the rotor
is made magnetically anisotropic. With the use of an high frequency signal injection the
rotor position is easily retrieved by the authors.
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(a) Schematic representation [11].
Scheme of the coil around the magnet of an SPM
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(b) Realized prototype [12].
Figure 2.8 – Modiﬁed rotor for the sensorless position estimation through eddy
currents detection.
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2.4. Magnetic path asymmetries
2.4.2 Permanent magnet asymmetries
A second case is that the magnetic path may be position-dependent not only due to
mechanical but also due to magnetic asymmetries. Indeed, in some motors, the phase
inductance varies with the rotor position, although no mechanical saliency is present, as
in a Interior Permanent Magnet (IPM) motor for example. In Fig. 2.10, an IPM rotor
is shown.
Figure 2.10 – Interior permanent magnet rotor.
The origin of these inductance variations is found in the magnet disposition on the
rotor. Depending on the rotor position, the relative permeability of some permeances of
the magnetic path change.
Already in the late nineties an IPM motor is driven thanks to these inductance vari-
ations [21]. Nevertheless, IPM structure is still very up-to-date and is the most studied
for the sensorless position detection nowadays. Actually, most of the recent papers
deal with IPM. In fact, as it is clearly stated in [22 – 25], IPM motors are suited for
high-frequency signal injection techniques because the direct d−axis and the quadrature
q−axis inductances are diﬀerent, i.e. Ld = Lq as the rotor is salient.
In [25 – 31] the position detection at standstill and in the very-low speed range is ob-
tained with high frequency signal injection. In [32] a new tool is used to compare various
sensorless techniques applied to IPM drives based on high frequency injection signals.
An exhaustive list of rotor position detection techniques for IPM motors classiﬁed in
diﬀerent families is introduced in [33, 34].
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2.4. Magnetic path asymmetries
5cm
Figure 2.12 – Plastic coil support and SmCo magnet.
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Figure 2.13 – Magnetic anisotropy measurements angular reference.
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Figure 2.14 – Measured LAA at 40kHz.
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3.2. Iron BH local hysteresis
(a) Torus
I
L
B
(b) Scheme
Figure 3.5 – Torus used for the BH measurements
Let δ be the airgap, C the medium circumference of the iron and N the number of
turns of the coil, the magnetic ﬁeld H is calculated as follows:
H =
NI − Bδμ0
C − δ
[
A
m
]
(3.2)
3.2.2 Measurements
The contribution of the permanent magnets to the iron magnetization in the motor is
imitated by a DC current injected into the coil. By varying this current between Imax
and −Imax, the working point in the BH plane describes a main hysteresis loop. For
imitating the injection of a current into the coil, an additional current is superposed.
This measurement is repeated at diﬀerent levels of DC current, i.e. at diﬀerent positions
of the main hysteresis. By this way the injection of current into a phase coil for diﬀerent
rotor positions is simulated.
It is found that, because of the current injected into the coil, the working point in the
BH plane is led to follow local hysteresis loops. The resulting loops (the main and the
local ones) are shown in Fig. 3.6.
Local hysteresis slopes
For enabling a comparison between the local loops slopes, 8 local loops are superimposed
in Fig. 3.7. It is interesting to note that the small loops have diﬀerent slopes compared
to each other. In fact, it is normally assumed that the local hysteresis, that are often
neglected and simpliﬁed with a straight line, have an unique slope. A classical approach
is to consider that the latter is the same as the slope of the tangent to the main hysteresis
loop at H = 0 A/m [4].
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Chapter 3. Iron BH hysteresis
Color Shade Results
Quantity : |Flux density| Tesla
Time (s.) : 36.25E-6 Pos (deg): 12
Scale / Color
2.09177E-6   /   137.23813E-3
137.23813E-3   /   274.4742E-3
274.4742E-3   /   411.7102E-3
411.7102E-3   /   548.94626E-3
548.94626E-3   /   686.18232E-3
686.18232E-3   /   823.41832E-3
823.41832E-3   /   960.65444E-3
960.65444E-3   /   1.09789
1.09789   /   1.23513
1.23513   /   1.37236
1.37236   /   1.5096
1.5096   /   1.64683
1.64683   /   1.78407
1.78407   /   1.92131
1.92131   /   2.05854
2.05854   /   2.19578
Figure 3.17 – Flux density in the stator iron for the d (top) and q (bottom) posi-
tions.
source of inductance variations. As stated in Chapter 2, these mechanical saliencies can
result from the fabrication process or be voluntary introduced in the rotor by adapt-
ing its iron structure. Finally, permanent magnet asymmetries in the rotor can lead
to inductance variations, as for example in buried permanent magnet synchronous mo-
tors. In the analyzed motor, mechanical saliency is rapidly excluded. In fact, as it can
be noticed in Fig. 3.11, the rotor is symmetric (non-salient) by its construction. The
rotor eccentricity is nevertheless measured. The measurement test bench is shown in
Appendix C.3 and the results are plotted in Fig. 3.18.
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Figure 3.18 – Eccentricity (left) and measurement locations on the rotor (right).
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3.4. Proof of the hysteresis inﬂuence on Lxx and Rx
no more hysteresis eﬀects exists, and consequently, no more inductance and resistance
variations should appear. Based on this consideration, and knowing now that all the
previous phenomena are not involved in the measured Lxx and Rx variations, two new
measurements are realized. They are performed on a special motor with a plastic stator.
The rotor is one case a normal one made of iron, and in another case it is made of
plastic. The permanent magnets in both cases are magnetized. A picture of the open
plastic stator and plastic rotor motor is shown in Fig. 3.23.
Figure 3.23 – Realized plastic stator and plastic rotor.
Measurements on the plastic stator, iron rotor are shown in Fig. 3.24, and the ones
done on the plastic stator and plastic rotor are shown in Fig. 3.25. Surprisingly, for both
motors there is a position dependency of Lxx! Lxx variations are very small, in the order
of ∼1%, which is 10 times lower than the Lxx variations measured on an normal iron
motor. As in the measurements performed on the normal motor, the maximum values
are obtained for the q positions and the minimum for the d positions. It is assumed that
the origin of these small variations on Lxx that still appear in these two motors with
no stator iron is a permanent magnet anisotropy created during the permanent magnet
magnetization.
On the other hand, Rx does not vary at all. This is an expected result, as without
iron there are no more hysteresis losses that are at the origin of the Rx variations.
Finally, even in presence of these very small oscillations on Lxx, it can be stated that
without iron on the stator, the variations on Lxx and Rx measured in Section 3.3 dis-
appear. Without iron the hysteresis eﬀects cannot exist and thus, the theory developed
in Section 3.2 is conﬁrmed.
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Chapter 3. Iron BH hysteresis
Z = notch depth
Z
Figure 3.32 – Proposed stator modiﬁcation. Modiﬁed motor.
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Figure 3.33 – Torque simulation of the modiﬁed motor for diﬀerent notch deeps.
ciated how the Lxx and Rx variations in the modiﬁed motor are eﬀectively increased. It
can be observed that the modiﬁed motor relative variations are around ﬁve times larger
than in the standard version. Moreover, some deformations on the sinusoidal shape ap-
pear. This is because of the magnetic interaction between the permanent magnets and
the injected signal: the ﬁrst signs of the iron teeth saturation appear.
3.6 Conclusions
In this chapter it is theoretically shown that in every BLDC motor with a stator made
of iron, the interaction between the latter and the permanent magnets inﬂuences the
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Chapter 4. Exploitation of the iron BH hysteresis eﬀects
4.6 Realized drive electronics
A custom drive electronics, shown in Fig. 4.19, is realized for the automatic generation
of a train of pulses on Uin and the respective measurement of the Uout voltage with an
AD converter. A train of pulses like the one generated on Uin is called Pulse Width
Modulation (PWM) signal. Further in this thesis, the power PWM, or PWM only will
refer to this Uin signal, with ﬁxed frequency f and variable duty cycle d. If not otherwise
speciﬁed, Uout will be referred to the AD sampled value of the Uout voltage. Uout may
be presented in its digital value, extracted directly form the drive electronics, or in an
analogical voltage measured on a scope, created from its digital value with an Digital to
Analogical (DA) converter.
Figure 4.19 – Custom drive electronics for technique analysis.
The electronics is composed by three PCBs, connected in a stack. The PCB at the
bottom is a commercial development card and holds the microcontroller. The main
board, in the middle, is a classical BLDC drive electronics with a drive stage and a six
transistor power bridge. On the top of the latter, an interchangeable board contains
the analogical treatment for the Uout signal ﬁltering and ampliﬁcation. A simpliﬁed
schematics of this stage for one phase is shown in Fig. 4.20. First of all the signal
Vin = Uout|before ﬁltering and ampliﬁcation passes through a two stage high-pass ﬁlter in order
to eliminate the low frequency back-EMF that might be present in the Uout voltage. The
signal is then ampliﬁed and an oﬀset of 1.5 V is added. The relation is
Vout = −Vin 10k
Rg
+ 1.5 (4.9)
where Vout = Uout|after ﬁltering and ampliﬁcation is the signal measured by the AD converter.
This analogical treatment stage is duplicated three times, once for every phase.
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Chapter 5. Sensorless position detection during normal drive
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Figure 5.1 – Power bridge conﬁguration for the AB sector.
Because of the presence of the phase inductances, when the commutation happens,
the current ﬂowing through the supplied phases cannot vanish instantaneously. During
this transient state, called current extinction, the current ﬂows not only through the
two supplied phases, but also through the extinction diode of the past supplied phase.
The transient lasts until the current in the ﬂoating phase is extinguished. The current
extinction state between the sectors AB and AC is shown in Fig. 5.2 where the current
extinction ﬂowing through the diode DB is highlighted.
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Figure 5.2 – Power bridge conﬁguration for the AB-AC commutation transient.
In Fig. 5.3 (adapted from [70]) the classical shapes of the phase voltage uA, the phase
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Chapter 5. Sensorless position detection during normal drive
case, if a linear approximation is assumed, the electrical angular resolution Δθe of the
introduced technique is:
Δθe =
60◦
1′000 = 0.06
◦/bit (5.1)
For the BLDC motor used until now that has 5 pole pairs this corresponds to
Δθm =
Δθe
5 = 0.012
◦/bit (5.2)
where Δθm is the mechanical angular resolution. This is equivalent to an angular encoder
with a huge number of 30’000 increments. Obviously, the angular resolution of the
introduced technique depends on many factors: the motor itself, the Uin amplitude,
the gain of the analogical ampliﬁcation of Uout and so on. Moreover, depending on the
motor characteristics, the Uout amplitude may not vary linearly during the 60◦ where
it is measured. Nevertheless, if the system is known and calibrated, this information is
easily available and could be used for a precise positioning of the rotor.
5.10 Sensorless position detection of slotless BLDC motors
The addressed sensorless principle has also been applied to another BLDC motor, shown
in Fig. 5.31. It is a slotless BLDC motor, perfectly symmetric by its construction, 120 W,
3 phases, 1 pole pairs. Its datasheet is given in Appendix B.2.
Figure 5.31 – Tested slotless BLDC motor. Opened.
Fig. 5.32 shows the Uout signal for two diﬀerent positions created when a step is
imposed on the Uin voltage. As expected, also for this motor the Uout signal varies
signiﬁcantly between two diﬀerent rotor positions.
The motor is now externally turned and a power PWM small enough to not generate
torque is injected between the phases 1 and 2. Uout is measured on the ﬂoating phase
3. Fig. 5.33 shows the Uout signal sampled with an AD for two complete mechanical
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Chapter 6. Enhanced Kalman ﬁltering
obvious, that if the electrical parameters estimations have not reached the real motor
values, the algorithm can not correctly estimate the external load with precision. On
the other hand, at the beginning of the following transient, the ﬁrst speed change in the
shown trial, the electrical parameters are already close to their real motor values. As a
consequence, KF2 can ﬁnally correctly estimate the external load.
As an example, in Fig. 6.15 the evolution of Itot estimation is plotted. Start-up and
speed direction changes are highlighted with vertical black lines. It can be appreciated
how, after the start-up, only a small correction is brought by KF2 to the Itot estimation.
On the other hand, during the second transient, the ﬁrst speed change, the total inertia
estimation has a huge variation and ﬁnally converges.
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Figure 6.15 – Itot estimation.
After two transients, the start-up and a ﬁrst direction change, the position estimation
obtained is plotted in Fig. 6.16. The Kalman ﬁlter has no more diﬃculties in following
the abrupt speed change and the accuracy of the position and speed estimation has
increased compared to Fig. 6.14. A visible consequence of the better position estimation
is the shorter time needed for the speed inversion. In Fig. 6.14, the speed inversion
occurs after 17 ms and 114◦ mechanical degrees. In the same conditions, thanks to
the load modelling and estimation the speed inversion occurs after only 14 ms and 97◦
mechanical degrees.
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Figure 6.16 – Position estimation with load modelling and parameter estimation.
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Chapter 6. Enhanced Kalman ﬁltering
The measured Km = 20.73 mNm/A is far away from the datasheet value 29.7 mNm/A.
After two transients, KF2 estimates Kˆm = 22.2 mNm/A which conﬁrms the pertinence
of the estimation.
Total inertia Itot
The standard motor used in the previous chapters is driven in sewing machine mode,
ω0 = ±1′500 rpm, and all its parameters are estimated. The ﬁrst trial is done with the
rotor only, and the estimated value of the rotor inertia only is Iˆmot = 22.2 · 10−6 Kgm2,
which is near the datasheet value Imot = 20.4 · 10−6 Kgm2. Then, the diﬀerent discs are
in turn directly coupled to the output axis and for every trial the total inertia Iˆtot is
estimated and memorized. A picture of the calibrated inertia coupled to the used motor
is shown in Fig. 6.18.
Figure 6.18 – Standard motor and coupled calibrated inertia.
By subtracting the rotor-only inertia Iˆmot from the total inertia Iˆtot estimated at every
trial, the estimated inertia of the discs only is calculated. In Fig. 6.19 the estimated
inertia of the diﬀerent discs are compared to their calibrated value. It can be appre-
ciated that the estimation is perfect for the small inertias. Starting from disc N◦ 4,
I = 4 · 10−6 Kgm2, the estimation is slightly degraded but still pertinent.
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Figure 6.19 – Comparison between estimated and calibrated inertias.
132





















Chapter 7. First pulse principle
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Figure 7.5 – Iron BH hysteresis loops, NSN rotor position. 1st pulse.
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Figure 7.6 – PWM pulse of Uin, and corresponding Uout and Iin. 1st pulse.
other hand, the working point of the phase B moves back to its initial position, and the
working point of the phase C tooth does not move at all as no current ﬂows through
that coil.
A second Uin pulse is applied and the Uout voltage visualized in Fig. 7.7 The ﬁrst
conclusion, is that Uout is signiﬁcantly diﬀerent from before, even if the rotor position
has absolutely not changed.
For understanding this interesting conclusion it is necessary to observe the the dis-
placement of the working points of the three phases in this second situation. In Fig. 7.8
these displacements are shown. As it can be noticed, in that situation, both phases A
and B move and but go back to the position they had before this second pulse, A′ and
respectively B. As the iron BH working point of phase A has a diﬀerent trajectory in
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Figure 7.7 – PWM pulse of Uin, and corresponding Uout and Iin. 2nd pulse.
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Figure 7.8 – Iron BH hysteresis loops, NSN rotor position. 2nd pulse.
the plane than before, the phase A impedance changes and Uout diﬀers.
A third Uin pulse is ﬁnally injected. Not surprisingly, the measured Uout voltage,
Fig. 7.9, corresponds to the one obtained with the second pulse. In fact, the second
pulse does not change the iron working point of any phase, as the operating point starts
and ﬁnishes in A’ and B respectively. As a consequence, the phase impedances do not
vary for this third pulse and the Uout signal is the same. Hence, for all the following
pulses the working points of both phases A and B do not change anymore.
It can therefore be stated that there is a magnetic diﬀerence in the stator iron between
the ﬁrst pulse and all the following ones for this position. In this example, this diﬀerence
inﬂuences the phase impedance ZA, and can therefore be measured in the Uout voltage.
Notice moreover that no visible changes appear on the current evolution for all the three
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Figure 7.9 – PWM pulse of Uin, and corresponding Uout and Iin. 3rd pulse.
pulses. In fact, the variation on the phase impedance ZA is to small for signiﬁcantly
inﬂuence the latter.
7.2.3 Position NNS physical interpretation
The previous interpretation is now employed in the position NNS. The working points
of the three phase teeth before a pulse are shown with a • and identiﬁed by A, B , C in
Fig. 7.10.
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Figure 7.10 – Iron BH hysteresis loops, NNS rotor position. 1st pulse.
Contrary to the position NSN, in position NNS the working points of both phases A
and B teeth do not change after the ﬁrst Uin pulse. As a consequence, every pulse of
Uin applied in this position has the same eﬀect on the stator iron and no diﬀerence in
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7.4. Measurements
7.4 Measurements
7.4.1 Setup
In order to verify the described theory, a series of measurements are introduced below.
The measurements are performed using the setup shown in Appendix C.4. Measurements
are obtained as follows: three Uin pulses are injected by a custom electronics into the
motor phases. Between every pulse a toff = 130μs is waited, so that Uout goes back to
its steady-state before the next pulse. Signals Uin, Iin and Uout of the three pulses are
measured with a scope and then saved on a PC. These signals are shown in the ﬁrst row
of Fig. 7.14.
The saved signals are then manipulated by software. They are shifted to the left by
tshift = 150μs, the second row of Fig. 7.14. Finally, the original and the shifted signals
are plotted on the same axis, the third row of Fig. 7.14. Thanks to this manipulation,
the ﬁrst and the second pulse signals are superimposed at time t = 0μs and the second
and the third ones are superimposed at time t = 150μs. In this way, it is directly
observable if there are any diﬀerences in the Uin, Iin and Uout signals between the ﬁrst
and the second pulses, as well as between the second and the third ones.
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Figure 7.14 – 1st row: original signals.
2nd row: shifted signals.
3rd row: 1st and 2nd rows superimposed.
During the experiment, the rotor position of the BLDC motor is ensured by an ac-
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Figure 7.16 – Impulsion AB, position 18◦. Theory (a), measurement (b).
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Figure 7.17 – Impulsion AB, position 108◦. Theory (a), measurement (b).
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Figure 7.18 – Impulsion AB, position 234◦. Theory (a), measurement (b).
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APPENDIX A
Demonstrators of the developed sensorless principles
A.1 Two phases-ON drive
The BLDC motor is ﬁxed to the electronics itself and, thanks to a series of LEDs, the
estimated position is superimposed to a angular position indicator ﬁxed on the motor
output axis. A small rope is wound the motor output axis, and with the small mechanics
visible on the lower right corner of Fig. A.2, a variable brake is provided.
Figure A.1 – Two phases-ON demonstrator. Custom drive electronics.
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Figure A.2 – Two phases-ON demonstrator. Custom drive electronics.
Figure A.3 – Two phases-ON demonstrator. The used Sonceboz 5455-20 motor.
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A.2. Kalman ﬁltering drive
A.2 Kalman ﬁltering drive
Figure A.4 – Kalman ﬁltering demonstrator. Developed drive electronics.
Figure A.5 – Kalman ﬁltering demonstrator. Open drive, motor detail.
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Figure A.6 – Kalman ﬁltering demonstrator. Entire drive.
Figure A.7 – Kalman ﬁltering demonstrator. Cut of the drive.
Source: 75 years Sonceboz, MTZ journal, 2011, www.sonceboz.com
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Appendix B. Motor datasheets
 Brushless - DC motors
?????????????????????????????? ? ???? ? ???? ?
??????????????????????????
? ????
? ????? ???? ???? ???
????????????????????????
???????
Dimensions
57.2 
57
.2
 
Ø 5.2 (4x)
47
.2
 ±
0.
2 
47.2 ±0.2 
Ø
 6
.3
5 
- 0
.0
13
 
0 
Ø
 3
8.
1 
±0
.0
25
 
1.5 
4.8 
20.6 ±0.6 50.8 
57.3 
Technical  data
?????? 630 g ?????????????????????????? 66 mNm/?W
???????????????
???????????? 54 mNm/A
???????????? 3-Y ??????????????? 60 V ??????????????????????? 6.2 A
??????????????????????? 335 mNm* ????????????? 10 000 rpm ??????????????????? 0.87 mH
????????????????? 670 mNm** ????????????? 204 g.cm2 ?????????? IP 30
????????????? 30 mNm ??????????????????? 0. 50 ?
*Continuous values based on 25° C ambient temperature, motor mounted to a 150 x 150 x 10 mm aluminium heat sink.
**Max. 10 sec. at 25° C ambient temperature.
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????
Drawing not to scale. All dimensions in mm.
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B.2. Maxon motor AG, Brushless EC motor, 118899
Dynamic character ist ics
???????
?? ???????????????????????????
????????????????????????????????????????????
????????????????????????????????
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Counter connector (Windings) ...........  MSTB 2.5/3-ST
Counter connector (Hall sensors) .......  50-57-9405
Tin plated contacts ..............................  16-02-0102
U1 
S1
S2
S3
Gnd
Vcc
U2 
Typ MSTBVA 2.5/3-G 
Typ Molex 
70543-0039 
U3 
? ??????????????? ? ????????????????????
U1 
U2 U3 
Phase 2 
Phase 1 
Phase 3 
? ?????????????????????
U1 
360° electric 
Clockwise
Counter clockwise
(View from the front motor axis)
72° mechanic 
+ 
- 
+ 
- 
U2 
1 2 3 4 5 6 7 8 9 10 
+ 
- 
U3 
Steps 
S1 
+ 
- 
+ 
- 
S2 
1 2 3 4 5 6 7 8 9 10 
+ 
- 
S3 
Steps 
SONCEBOZ SA
???????????????????????????
Tel. +41(0) 32 488 11 11
Fax +41(0) 32 488 11 00
E-mail : info@sonceboz.com
???????????????????????????
Special requirements upon customer specifications. Right to change reserved. < 1.0 >
[ Brushless - DC motors ??????? - 2/2 ]
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12.0 18.0 21.0 30.0 24.0 36.0 42.0 48.0 48.0 48.0 48.0 48.0 48.0 48.0
10300 12000 10400 11600 10300 9830 10400 7560 10300 5930 5420 3530 3110 2020
886 754 515 426 443 275 258 139 222 97.8 86.2 48.6 41.3 24.4
9050 10900 9240 10500 9160 8710 9290 6450 9190 4830 4290 2400 1990 893
107 113 116 120 120 123 122 127 123 130 126 127 129 129
10.4 8.62 6.46 5.24 5.78 3.76 3.40 2.22 2.96 1.77 1.57 1.03 0.920 0.599
985 1340 1150 1420 1210 1200 1280 940 1270 743 639 410 370 237
89.2 94.4 60.1 57.9 55.0 34.6 33.5 15.7 28.8 9.72 7.65 3.21 2.56 1.07
81 83 83 84 83 83 84 82 84 81 80 77 76 72
0.134 0.191 0.349 0.518 0.436 1.04 1.25 3.07 1.66 4.94 6.28 14.9 18.8 44.8
0.0266 0.0439 0.0797 0.132 0.106 0.263 0.319 0.788 0.425 1.28 1.52 3.56 4.57 10.7
11.0 14.2 19.1 24.6 22.1 34.7 38.2 60.1 44.1 76.4 83.5 128 145 221
865 673 500 389 433 275 250 159 216 125 114 74.8 66.0 43.2
10.5 9.05 9.13 8.20 8.55 8.26 8.20 8.12 8.16 8.07 8.59 8.76 8.56 8.75
9.39 8.06 8.13 7.30 7.61 7.35 7.30 7.22 7.26 7.18 7.64 7.79 7.62 7.78
85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0
M 1:2
Speciﬁcations Operating Range Comments
n [rpm] Continuous operation
In observation of above listed thermal resistance 
(lines 17 and 18) the maximum permissible winding 
temperature will be reached during continuous 
operation at 25°C ambient.
= Thermal limit.
Short term operation
The motor may be brieﬂy overloaded (recurring).
Assigned power rating
maxon Modular System Overview on page 16 - 21
Stock program
Standard program
Special program (on request)
Order Number
maxon EC motor May 2010 edition / subject to change
EC 40  40 mm, brushless, 120 Watt, approved
Motor Data
Values at nominal voltage
1 Nominal voltage V
2 No load speed rpm
3 No load current mA
4 Nominal speed rpm
5 Nominal torque (max. continuous torque) mNm
6 Nominal current (max. continuous current) A
7 Stall torque mNm
8 Starting current A
9 Max. efﬁciency %
Characteristics
10 Terminal resistance phase to phase 
11 Terminal inductance phase to phase mH
12 Torque constant mNm / A
13 Speed constant rpm / V
14 Speed / torque gradient rpm / mNm
15 Mechanical time constant ms
16 Rotor inertia gcm2
Thermal data
17 Thermal resistance housing-ambient 3.2 K / W
18 Thermal resistance winding-housing 1.2 K / W
19 Thermal time constant winding 17.1 s
20 Thermal time constant motor 1050 s
21 Ambient temperature -20 ... +100°C
22 Max. permissible winding temperature +125°C
Mechanical data (preloaded ball bearings)
23 Max. permissible speed 18000 rpm
24 Axial play at axial load < 8 N 
 > 8 N
0 mm 
max. 0.14 mm
25 Radial play  preloaded
26 Max. axial load (dynamic) 10 N
27 Max. force for press ﬁts (static) 
(static, shaft supported)
133 N 
5000 N
28 Max. radial loading, 5 mm from ﬂange 70 N
Other speciﬁcations
29 Number of pole pairs 1
30 Number of phases 3
31 Weight of motor 390 g
Values listed in the table are nominal.
Explanation of the ﬁgures on page 137
Planetary Gearhead
42 mm
3 - 15 Nm
Page 238
Planetary Gearhead
52 mm
4 - 30 Nm
Page 241Connection Motor (Cable AWG 22)
red Motor winding 1
black Motor winding 2
white Motor winding 3
Connection sensors (Cable AWG 26)1)
green VHall 4.5 ... 24 VDC
blue GND
red / grey Hall sensor 1
black / grey Hall sensor 2
white / grey Hall sensor 3
Wiring diagram for Hall sensors see p. 27
1) Not lead through in combination with resolver.
Recommended Electronics:
DECS 50/5 Page 289
DEC 50/5 291
DEC Module 50/5 291
DECV 50/5, DEC 70/10 297
DES 50/5, DES 70/10 298
EPOS2 24/5 305
EPOS2 50/5 305
EPOS2 70/10 305
EPOS P 24/5 308
Notes 20
Encoder HED_5540
500 Imp., 
3 channels
Page 267 / 269
Resolver Res 26
26 mm
10 V
Page 277
Brake AB 28
24 VDC
0.4 Nm
Page 318
167176 167177 118894 118895 167178 167179 118896 118897 167180 118898 167181 167183 118899 118901
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